Abstract: Cynara cardunculus L. is a species native to the Mediterranean basin that comprises 2 crops, globe artichoke (var. scolymus L.) and cultivated cardoon (var. altilis DC), as well as wild cardoon (var. sylvestris (Lamk) Fiori). Globe artichoke represents an important component of the South European agricultural economy but is also cultivated in North Africa, the Near East, South America, the United States, and China. Breeding activities and molecular marker studies have been, to date, extremely limited. Better knowledge of the genome of the species might be gained by developing a range of molecular markers. Here, we report on the development of 14 microsatellites (simple sequence repeats (SSRs)) through a novel approach that we have defined as the microsatellite amplified library (MAL). The approach represents a combination of amplified fragment length polymorphism and a primer extension based enriched library, is rapid, and requires no hybridization enrichment steps. The technique provided a~40-fold increase in the efficiency of SSR identification compared with conventional library procedures. The developed SSRs were applied for genotyping 36 accessions of C. cardunculus, including a core of 27 varietal types of globe artichoke, 3 accessions of cultivated cardoon, and 6 Sicilian accessions of wild cardoon. Principal coordinates analysis made it possible to differentiate both cultivated and wild forms from each other.
Introduction
Cynara cardunculus L. is a diploid (2n = 2x = 34), predominantly cross-pollinated species native to the Mediterranean basin. It includes 2 crops, globe artichoke (var. scolymus L.) and cultivated cardoon (var. altilis DC), as well wild cardoon (var. sylvestris (Lamk) Fiori]) which is a robust thistle with a characteristic rosette of large spiny leaves and branched flowering stems (Rottenberg and Zohary 1996) .
Globe artichoke represents an important component of the European agricultural economy, crop production being in ex-cess of 1 million metric tons and about 120 000 ha in cultivation, while Italy is the leading producer. Although to a lesser extent, globe artichoke is also cultivated in North Africa (Egypt, Morocco, and Tunisia), the Near East (Israel, Lebanon, Syrian Arab Republic, and Turkey), South America (Argentina, Brazil, and Chile), the United States (California), and China (FAO 2004) .
Italy has the richest globe artichoke primary cultivated "gene pool" and harbours many distinct clonal varietal groups. Recently, studies based on amplified fragment length polymorphism (AFLP) (Lanteri et al. 2004 ) and random amplified polymorphic DNA (RAPD) (Sonnante et al. 2002) have proven a good consistency between globe artichoke germplasm classification based on molecular and morphological data, suggesting that traits selected by humans play an important role in understanding variation and differentiation within the species.
Cynara cardunculus breeding activities as well as molecular marker studies have been, to date, rather limited. To gain a better knowledge of the species genome, for future applications of more appropriate and effective breeding strategies, it is of pivotal importance to develop a range of molecular markers. Microsatellite markers in plants have proven to be valuable tools for DNA genotyping, genetic mapping studies, population genetics, and conservation and management of genetic resources (Thomas and Scott 1993; Bowcock et al. 1994; Jarne and Lagoda 1996; Zane et al. 2002) . Their major drawback is that they need to be isolated de novo whenever a species is investigated for the first time (Zane et al. 2002) .
Conventionally, microsatellites have been isolated from genomic libraries. A number of enrichment methods have been developed to increase the rate of recovery (Zane et al. 2002) based on RAPD (Wu et al. 1994; Cifarelli et al. 1995; Richardson et al. 1995) , primer extension (Fisher et al. 1996; Cooper et al. 1997; Yang et al. 2001) , or selective hybridization (reviewed in Zane et al. 2002) . More recently, an AFLPbased enrichment procedure, incorporating biotin-streptavidin bead capture, has been proposed (Hakki and Akkaya 2000; Hayden and Sharp 2001a; Hayden et al. 2002) .
In a previous work (Acquadro et al. 2003) , we reported on the development of 9 simple sequence repeats (SSRs) in globe artichoke of which 4 were obtained from a search in a sequence database and 5 from construction of an enriched library. Here, we report on further development of SSRs in C. cardunculus using an alternative approach that we have termed MAL (microsatellite amplified library). The approach is based on a two-step "primer extension" procedure and requires basic polymerase chain reaction (PCR) technology for the production of highly enriched SSR libraries; it avoids the need for both hybridization enrichment steps and conversion of the SSRs into sequence tagged microsatellite site (STMS) markers.
The developed SSRs have been applied for genotyping 36 accessions of C. cardunculus including cultivated and wild forms.
Materials and methods

Plant materials and genomic DNA isolation
Genomic DNA was extracted from 150 mg of frozen young leaves following the procedure of Lanteri et al. (2001) . For microsatellite development, DNA from globe artichoke (varietal type 'Spinoso sardo') was used.
Thirty-six C. cardunculus accessions, including a panel of 27 clones of globe artichoke (var. scolymus) belonging to as many varietal types, 3 accessions of cultivated cardoon (var. altilis), and 6 Sicilian accessions of wild cardoon (var. sylvestris) were used for microsatellite genotyping. The globe artichoke accessions included in the study (Table 1) were found to be representative of the genetic variation within the germplasm at present in cultivation in the Mediterranean Basin (Lanteri et al. 2004) . The 3 accessions of cultivated cardoon included 2 provenances of the varietal type 'Bianco avorio' and 1 of Gobbo di Nizza. The 6 accessions of wild cardoon were sampled from the wild in 3 locations in Sicily (Roccella, Bronte, and Palazzolo) and in 3 locations in Sardinia (Sassari, Nuoro, and Oristano).
Forward primer design (primary library)
Restriction ligation reactions were performed as described by Vos et al. (1995) with some modifications. Genomic DNA (0.5 µg) was restricted for 2 h at 37°C in the presence of 2.5 U of MseI (New England Biolabs, Beverly, Mass.) in 40 µL of 10 mmol Tris-HCl/L, pH 7.5, 10 mmol magnesium acetate/L, 50 mmol potassium acetate/L, and 50 ng BSA/µL. Ligation of the adapter was performed by the addition of 10 µL of ligation solution containing 1 U of T4 DNA-ligase and 1 mmol ATP/L in 10 mmol Tris-HCl/L, pH 7.5, 10 mmol magnesium acetate/L, 50 mmol potassium acetate/L, 50 ng BSA/µL, and 70 pmol of MseI adapters (5′-CGTCTCGAG-GATGAGTCCTGAG-3′ and 3′-TACTCAGGACTCATCCTC-GAGACG-5′) and incubated overnight at 15°C. Hot-start PCR was performed by adding 2 µL of the restrictionligation reaction to produce a 20-µL PCR consisting of 15 mmol Tris-HCl/L, pH 8.0, 50 mmol KCl/L, 1.5 mmol MgCl 2 /L, 0.2 mmol/L of each dNTP, 1 U of AmpliTaqGold ® (Applied Biosystem, Warrington), 0.5 µmol/L MseI adapterdirected primer (5′-CGTCTCGAGGATGAGTCCTGAG-3′), and 0.5 µmol/L of a universal SSR primer ((PCT10 = 5′-NNCTCGAG(CT) 10 or PCA10 = 5′-NNCTCGAG(CA) 10 or PGATA6 = 5′-NNCTCGAG(GATA) 6 ). Both the universal primers and the MseI adapter contain an XhoI restriction site (CTCGAG) to facilitate subsequent cloning of the PCR products into SalI-digested pUC19 vector. Because the hybrid sites formed upon ligation are not cleavable by either enzyme, the restriction-ligation steps can be carried out without any need to abolish restriction enzyme activity. PCR amplifications consisted of 45 cycles of 60 s at 94°C, 60 s at 55°C, and 60 s at 72°C completed by a 10-min extension at 72°C; 3 sets of amplification products were generated: MseI-(CT) 10 , MseI-(CA) 10 , and MseI-(GATA) 6 . The presence of a product smear (ranging from 100 to 400 bp in length) following agarose electrophoresis was indicative of a successful reaction. PCR products were purified using a Qiaquick kit (Qiagen) and restricted for 2 h at 37°C in a 20-µL reaction containing 10 mmol Tris-HCl/L, pH 7.5, 10 mmol magnesium acetate/L, 50 mmol potassium acetate/L, and 1 U of XhoI. Restricted PCR fragments were size selected (>75 bp) as described elsewhere (Frohlich and Parker 2001) . XhoI-restricted fragments were ligated in SalIdigested pUC19 vector and used to transform TOP10 competent cells (Invitrogen).
Three libraries, one for each SSR motif, were generated. White colonies were screened with PCR-based isolation of microsatellite arrays (Lunt et al. 1999 ) and positive clones were sequenced by standard methods on an ABI3100 platform (Applied Biosystem). From the sequence of each positive clone, a primer directed towards the microsatellite motif was derived (the forward primer) using BioOligo (Biogene). Each forward primer, used in combination with the corresponding universal SSR primer, generated an STM marker (Hayden et al. 2002) . A nested primer (forward nested) was designed for most of the clones containing a repetitive motif (Table 2) as was used for the reverse primer design. A schematic representation of this first step is shown in Fig. 1A .
Reverse primer design
The opposite microsatellite flanking sequence was amplified using the forward primer in a 15-µL reaction using 1 µL of the restriction-ligation reaction (see above) as template. Reaction conditions were 0.1 µmol MseI primer/L, 0.1 µmol forward primer/L, 15 mmol Tris-HCl/L, pH 8.0, 50 mmol KCl/L, 1.5 mmol MgCl 2 /L, 0.2 mmol/L of each dNTP, and 1 U of FastStart Taq ® (Roche Applied Science). Hot-Start PCR was performed with the following profile: 94°C for 5 min followed by 35 cycles of 30 s at 94°C, 30 s at 55°C, and 60 s at 72°C and ending with a 10-min extension at 72°C. When applied, the nested PCR used, as amplification template, 1 µL of 100× dilution of the first reaction, employing the same PCR conditions. The presence of amplification products was checked by agarose electrophoresis, and where a single band was detected, it was directly sequenced. A second primer (reverse) was designed for each positive sequence. The sets of primers designed in this way are listed in Table 2 . A schematic representation of the second step is shown in Fig. 1B .
STMS genotyping and statistical analysis
The SSRs developed were tested for their informativeness on 36 C. cardunculus accessions. PCR amplifications were carried out in a volume of 20 µL in the presence of 50 ng of template DNA, 0.2 mmol/L of each dNTP, 0.5 µmol/L of forward and reverse primers, and 1 U of Taq polymerase (Promega) in the manufacturer-supplied buffer. A touchdown PCR protocol was used: 94°C for 5 min and then 11 cycles at 94°C for 30 s, 60°C for 30 s decreasing by 0.5°C every cycle, and 72°C for 60 s followed by 24 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 60 s. Amplification products were mixed with 40-50 µL of formamide dye (98% formamide, 10 mmol EDTA/L, 0.01% w/v bromophenol blue, and 0.01% w/v xylene cyanol), denatured at 95°C for 5 min and quenched at 0°C, separated on 6% denaturing polyacrylamide gels, and visualized with silver staining (Bassam et al. 1991) .
To increase the efficiency of the SSR assay for mass genotyping of C. cardunculus germplasm, we evaluated the potential of multiloading PCRs; the simultaneous analysis of 2 target loci in a single run was tested by combining, in different ways, the 14 primer pairs reported in Table 2 with the 9 that we previously designed (Acquadro et al. 2003) . Identity 1.0 software (Wagner and Sefc 1999) was used to calculate expected and observed heterozygosity, null allele frequency, and the probability of finding 2 identical genotypes (probability of identity). The expected heterozygosity (H E ) was calculated as H E = 1 -p i 2 ∑ (Nei 1973) , where p i represents the frequency of allele i among the varietal set. The observed heterozygosity (H O ) was obtained by direct calculation. The null allele frequency was calculated as r = (H E -H O )/(1 + H E ) (Brookfield 1996) . The probability of identity was calculated as PI = 1 - (Paetkau et al. 1995) , where p i and p j represent the frequency of alleles i and j, respectively.
A binary matrix was imported into NTSYS-pc (numerical taxonomy and multivariate analysis system) version 1.80 package (Rohlf 1993 ) for cluster analysis. Genetic similarity among all accessions was calculated according to Dice's similarity index (Dice 1945 ) using the SIMQUAL (similarity of qualitative data) routine. Principal coordinates analysis was carried out to show genetic differentiation of accessions in a multidimensional space.
Results
STMS developed by MAL
Three primary libraries with a high content of repetitive sequences were produced using the MseI adapter-directed primer in combination with 1 of the 3 SSR universal primers (Fig. 1A) . Two of them were constructed using the dinucleotide primers PCT10 and PCA10 and a third using the primer PGATA6, which extends the application of the technique to tetranucleotide motifs. From the 3 primary li- Table 2 . Primer sequences and characteristics of the 14 conventional SSR markers generated from MAL in 27 accessions of globe artichoke (C. cardunculus var. scolymus).
braries, 192 clones were screened, of which 162 (84%) were found to be positive at PCR-based isolation of microsatellite arrays screening. Among these, 30 were chosen (10 from each library) for sequencing, and forward primers were designed to generate STM markers (Fig. 1A) . The second MAL technique step made it possible to convert 14 (47%) of the 30 STM markers into conventional SSRs, which consisted of 7 (CT) n , 5 (CA) n , and 2 (GATA) n motifs. In our experiments, the forward primer in combination with the MseI primer often originated multiple amplicons, presumably because of the MseI-MseI residual amplification (data not shown) or as a consequence of the complexity of the C. cardunculus genome (Bennett and Leitch 1997) . To reduce the MseI-MseI-amplified fragments and increase the selectivity of the reaction, we combined a hot-start with a nested PCR approach. The presence of extra SSR motifs suggests that there are many compound SSRs as found in other plant genomes, implying that there may be clustering of microsatellites in some genomic regions (Fisher et al. 1996) . The final efficiency of the procedure was estimated to be 39% (0.84 × 0.47), which is comparable with other approaches described in the literature (Zane et al. 2002) .
STMS genotyping
The DNA samples obtained from the 36 C. cardunculus accessions were amplified at the 14 SSR loci and displayed at least 2 alleles per locus.
In globe artichoke, 44 alleles in total were detected from the 14 SSRs, which ranged from 2 to 5 per locus (Table 2) and with an average of 3.1; the number of informative alleles was 29 (65.9%). The loci with the highest allele number were CMAL-11, CMAL-24, and CMAL-110 with 5 alleles. The largest size range between alleles was 34 bp in CMAL-24. The mean expected heterozygosity was 0.499 (range 0.263-0.709), while the mean observed heterozygosity was 0.635 (range 0.111-1.000). The estimate for the frequency of null alleles was nonzero for 5 of the 14 loci. The probabilities of identity ranged from 0.254 to 0.625 and the mean value was 0.506. Thus, we estimated that the combined probability of finding 2 identical genotypes was 4.26 × 10 -5 . Within this set of microsatellites, 33 alleles were identified in cultivated cardoon (range 2-3 for each locus) and 64 in wild cardoon (range 2-10) ( Table 3 ). The number of informative alleles was 16 (45.7%) and 56 (87.5%), respectively.
Six exclusive/distinctive alleles were amplified in globe artichoke and 26 in wild cardoon. On the other hand, no exclusive alleles were identified in cultivated cardoon, as they were shared by at least 1 other globe artichoke accession.
The scatterplot obtained from principal coordinates analysis (Fig. 2) showed genetic clustering of the globe artichoke accessions, with cultivated and wild cardoon accessions well separated. Principal coordinates 1, 2, and 3 accounted for about 56% of the total genetic variation, with each coordinate contributing 27.8%, 16.4%, and 11.8%, respectively. The first coordinate distinguished the cultivated forms (var. scolymus and var. altilis) from the wild cardoon (var. sylvestris) accessions, while the second co-ordinate made it possible to separate the cultivated cardoon accessions from the others.
The wild cardoon accessions clustered together, showing an average genetic similarity of 58% (Dice's similarity index range 0.51-0.66) and an average genetic differentiation of 60% from the C. cardunculus cultivated forms. The 3 accessions of cultivated cardoon also formed a separate cluster but showed an higher average genetic similarity (85%) and a lower genetic differentiation (44%) from globe artichoke accessions. The third cluster, formed by the 27 globe artichoke accessions, showed an average genetic similarity of 70%, and Dice's similarity index values of 1.00 (identity) were found among the 3 accessions.
Examples of multiple loading of SSR are reported in Fig. 3 ; of course, a fundamental requirement was that no overlap occur in product size between the individual components of the pair of SSRs.
Discussion
Here, we report on a two-step process that we have defined as MAL, which makes it possible to produce locusspecific sets of primers for the conventional SSR assay. The first advantage of the methodology lies in the fact that no hybridization enrichment step is required for designing the forward primer. The use of 5′ anchoring has been reported to target SSR length heterogeneity in PCR (Fisher et al. 1996 ), but we have found that unless the PCR is optimized for each primer, slippage in primer annealing results in products with the same repeat length as the primer.
Hot-start PCR was used in the initial PCR to prevent MseI-MseI amplification and thereby favouring products with SSRs. The MseI primer was nonselective, but despite this, none of the 30 STM markers generated were redundant. Thus, the first enrichment step in MAL is both time and cost saving and produced a highly enriched (84%) primary library. The second step, performed to isolate the second flanking microsatellite region, was different from the one reported by Hayden et al. (2002) , as it was based on a nested PCR approach and did not require troublesome hybridization enrichment steps. The reverse primer designing permitted the conversion of the markers, based only on the first flanking microsatellite region (i.e., MFLP (Yang et al. 2001) , M-AFLP (Acquadro et al. 2002; Albertini et al. 2003) , STMP (Hayden and Sharp 2001a) , and SAM (Hayden and Sharp 2001b) ) into STMS assays. From 15 sequences, we were able to design reverse primers, and from 14 of them, we observed amplification of the SSRs of the expected size, demonstrating their successful conversion into STMS.
The STMS markers identified were applied for genotyping wild (var. sylvestris) and cultivated (var. altilis and var. scolymus) forms of C. cardunculus. In spite of the limited number of accessions considered, the highest number of total alleles (i.e., 64) was detected in wild cardoon, which also included the highest number (i.e., 26) of exclusive alleles. A total of 44 alleles, of which only 6 were exclusive, were found in globe artichoke. Interestingly, no exclusive alleles were found in cultivated cardoon, presumably as only 3 accessions were included in the study.
The occurrence of null alleles has been pointed out as a possible problem associated with the use of microsatellite markers (Callen et al. 1993) , which might result in an individual being scored as homozygote instead of heterozygous and thus resulting in loss of information. From our data, 3 loci (i.e., CMAL-24, CMAL-110, and CMAL-117) showed high positive values for the frequency of null alleles and might be regarded as loci with a possible occurrence of null alleles (O'Reilly and Wright 1995) . On the other hand, the negative value for the frequency of null alleles (r) observed in most loci might associate the homozygotes with negative characters that have been eliminated by humans in cultivated germplasm (Marinoni et al. 2003) .
Principal coordinates analysis was carried out on the mean pairwise genetic similarities and showed that wild cardoon accessions were highly differentiated both between each other and from the C. cardunculus cultivated forms. Yet, although to a lesser extent, the cultivated forms (var. scolymus and var. altilis) were also genetically differentiated. In a previous work based on AFLP analysis of genetic relatedness among globe artichoke, cultivated cardoon, and wild cardoon accessions, we also found that the latter clustered together and showed an average genetic differentiation of 64% from the C. cardunculus cultivated forms. Similarly, the cultivated cardoon accessions were differentiated from globe artichoke accessions but with a lower JSI value (Lanteri et al. 2004) .
Our previous (Lanteri et al. 2004 ) and present molecular data, together with results obtained from cytogenetic and isozyme studies (Rottenberg and Zohary 1996) , support the hypothesis that wild cardoon was the progenitor of both cultivated forms, with which it is cross-compatible with the fully fertile F 1 hybrids. Indeed, globe artichoke and wild cardoon were also found to possess ribosomal genes of the same length (Tucci and Maggini 1986; Maggini et al. 1988) . Cynara cardunculus cultivated forms, which were probably taken into cultivation in the central or western sections of the Mediterranean Basin (Basnizki and Zohary 1994) , were likely to include only a share of the huge genetic variation that is present in the wild form. Presumably, globe artichoke and cultivated cardoon evolved alongside each other as a result of different agricultural selection criteria: the cultivated cardoons being selected for the production of inner stalks and globe artichoke for the production of heads.
As previously detected by AFLP (Lanteri et al. 2004 ) and RAPD (Sonnante at al. 2002 ) markers, our microsatellites confirm the presence of genetic variation within globe artichoke cultivated germplasm as a consequence of the long process of selection for adaptation to different environments and local tastes. Indeed, the earliest clear documentation on C. cardunculus cultivation comes from the middle of the first century (as reported by Columella's "De Rei Rusticae", book X; Basnizky and Zohary 1994), and at present, many distinct clonal varietal types are in cultivation in the Mediterranean area.
The STMS markers developed in the present and previous works (Acquadro et al. 2003) have been shown to be highly polymorphic and suitable for multiplex analyses. They might find applications in phylogenetic and population genetics studies as well as in pedigree analysis or variety fingerprinting. Furthermore, they will contribute to genome coverage which is "conditio sine qua non" for genome mapping. Recent analyses have shown that the frequency of microsatellites is significantly higher in transcribed regions, especially in the untranslated portions, than in nontranscribed ones (Morgante et al. 2002) . Indeed various studies based on SSR identification in expressed sequence tags have been reported for a wide range of species (Smulders et al. 1997; Cho et al. 2000; Huang et al. 2000; Lee et al. 2004) . Our STMS markers might thus be highly efficient in tagging genes of interest for future applications of breeding programmes based on marker-assisted selection.
